Earlier reports suggested that injecting normal optic nerve into organotypic cerebellar cultures from three of the central nervous system hypomyelinated mutant mice resulted in striking local increases in myelination of mutant axons. It has been questioned whether this myelin was produced by the introduced normal glia because there was no "marker" by which the genotype of an individual myelin sheath could be rigorously determined. The present study shows that the myelin sheaths of the central nervous system hypomyelinated mutant shiverer (shi/shi) can be distinguished in vitro from genetically normal myelin by their immunocytochemical reactions and ultrastructure. When shi/shi cultures are injected with normal optic nerve, they produce two kinds of myelin as distinguished by these techniques: shi/shi myelin throughout and, in addition, ultrastructurally and immunocytochemically normal myelin near the optic nerve. These results suggest that the primary defect of the shi/shi mutation involves the oligodendrocyte and support the earlier conclusion that in all of the glial injection experiments to date the genotype of the oligodendrocyte determines the phenotype of the myelin produced.
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Certain mutations in the mouse cause abnormal development of central nervous system (CNS) myelin, while leaving the structure and interconnections of neurons nearly normal (1) (2) (3) . In utilizing these mutants to study the operation of the genetic instructions for CNS myelination, it is essential to ascertain in which part of the myelin-forming unit-oligodendrocyte, axon, or some other cellular or extracellular element-the primary abnormality is expressed. The myelination defect of three well-known mutants, jimpy (jp), myelin synthesis deficiency (jpmsd), and quaking (qk), is reproduced in organotypic cultures of cerebellum (4, 5) . In all three mutants, explanting a piece of normal optic nerve in direct contact with the mutant cerebellar explants results in significantly increased myelination of mutant axons near the added optic nerve. These experiments were called glial injections to express the opinion, based on autoradiographic and positional evidence, that the additional myelin is directly made by introduced normal oligodendrocytes, rather than by some factor that cures the defect of resident mutant glia (6, 7) . These studies and others (2, (8) (9) (10) (11) contributed to the hypothesis that diseases of these three mutants involve primary defects of oligodendrocytes. However, lack of a means to assign a genotype to individual myelin sheaths in the injected cultures limits the security of this interpretation.
To address this issue, w e have turned to shiverer (shi/shi), a more recently described myelin-deficient mutant (12) , which differs from the first three in producing a known biochemical defect: the major species of myelin basic proteins (MBP) are almost completely absent in its CNS (13) . Further, the myelin of P-16 to P-24 shi/shi mice shows in all parts of the CNS a unique ultrastructural abnormality, absence of a normal major dense-line (14) , which presumably corresponds to the biochemical defect (15) . There are additional abnormalities in the compaction, wrapping, targeting, and number of shi/shi CNS myelin sheaths and in the shape of shi/shi oligodendrocytes (16, 17) . As we report here, these characteristic shi/shi defects are reproduced in organotypic culture. Thus, shi/shi myelin segments can be distinguished from normal myelin segments in vitro by positive immunocytochemical and ultrastructural criteria. Injection of normal optic nerve into shi/shi cultures therefore may be doubly informative: it will test the location of the primary abnormality in shi/shi and will also test the general interpretation of the glial injection paradigm.
MATERIALS AND METHODS
Animals. Because of the importance of genetic comparability in studying mutant mice (18) , all of the CNS myelindeficient mutants are being transferred to comparable B6C3H hybrid stocks. For shi/shi this is accomplished by a standard cross-intercross mating scheme initially using noninbred shil shi males and B6C3H females. The shi/shi line was ==88% B6C3H at the time of these studies.
Culture Methods. Affected shi/shi animals were intercrossed to produce known shi/shi offspring for organotypic culture of postnatal day 0 (P-0) cerebellum. P-7 to P-10 optic nerve from normal B6C3H mice was injected into two of the four cultures obtained from each shi/shi mouse at 7-8 days in vitro (DIV), as described (19) . Injected cultures were compared with uninjected shi/shi cultures from the same animals, cultures from unaffected animals of the same hybrid stock, and shi/shi cultures in which the optic nerve was displaced =0.5 mm from the explants. This latter maneuver is an important control because it has consistently produced failure of the glial injection experiment in the previously studied mutants. All cultures were mapped and fixed at 20-22 DIV.
Microscopy, P-18 to P-22 shi/shi animals were perfused and optic nerve, cerebellum, and brainstem were processed for electron microscopy; cultures were also fixed and processed as described (19) . Epoxy resin sections (1-2 ,um) of appropriate regions were dried onto coverslips and used for immunocytochemistry; ultrathin sections of the immediately adjacent areas were cut, stained with uranyl acetate and lead citrate, and examined in a JEOL 100S electron microscope. For MBP immunocytochemistry, epoxy sections were deplasticized by the method of Trapp et al. (20) and processed according to the peroxidase-antiperoxidase method using goat anti-rabbit MBP as the primary antiserum (21) .
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RESULTS
In the B6C3H shi/shi stock at P-18 to P-22, myelin appears to be more abundant than has been reported for other stocks and strains of shi/shi. However (Fig. 1A) . Presence of myelin in these cultures was confirmed by examination of immediately adjacent thin sections. There a number of myelin sheaths were seen, all uncompacted and lacking a major dense line (Fig.   1B ). By comparison, normal myelin in organotypic cerebellar cultures of the same age is MBP positive (Fig. 1C) and shows normal compaction with formation of the usual major dense line (Fig. 1D) (23, 24) , in which oligodendrocytes were removed from cultures of cerebellum by treatment with mitotic inhibitors and then added back by injection of immature optic nerve. The phenotype of the myelin in such cultures depended on the genotype of the optic nerve: normal nerve produced normal myelin, while shi/shi nerve produced only shi/shi myelin. It is also consistent with studies of dissociated cells of the peripheral nervous system (25) , in which the phenotype of the myelin was also determined by the genotype of the Schwann cell, and with observations on tetraparental chimeras made by fusing eight-cell embryos of normal and shi/shi genotype (26, 27) . In such chimeras, the distribution of normal and shi/shi myelin does not correspond to the distribution of axons; instead, normal and shi/shi myelin may surround different areas of the same axons.
By analogy, we believe that all five of the known mutations producing CNS hypomyelination early in development-jp, jp"', qk, shi, and shimld (28)-have primary oligodendrocyte defects. In each case, the phenotype of myelin produced by resident mutant or introduced normal oligodendrocytes reflects the genotype of the oligodendrocyte rather than that of the axon. Because each mutant defect corresponds to some component of normal oligodendrocyte development, detailed studies of the behavior of mutant oligodendrocytes in various experimental settings may help to illuminate the sequence of events normally required for the development of the mammalian CNS myelin sheath.
